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During initial energization of one of BPA's new 500-kV reactor installations, the surge arresters operated randomly when the reactors were switched off the system by the load interrupter. It was noted that the arrester operation coincided with reignitions during the interrupting process.
The generation of switching surges during de-energizations of shunt reactors and methods to limit those surges have been previously discussed [1] [2] . In these discussions, it has been assumed that it is sufficient to limit switching surges to between 2 and 2.5 per unit commensurate with the operating level of the protective devices.
For reduced BIL installations at BPA, switching surge levels are lower in order to minimize frequent arrester operations. For this reason, it was decided to more closely examine the performance of the load interrupter and analyze the effect of circuit parameters on the characteristic of the transients.
This report describes computer studies and field tests which were conducted to confirm the soundness of the design philosophy for EHV reactor installations using reduced insulation levels. It also discusses the dielectric coordination of BPAs EHV installations.
The availability of state of the art instrumentation made it possible to obtain records of high-frequency transients generated on an actual system during de-energization of 20, 1978. Operation is by remote control as required by system needs. To permit isolation of the, load interrupter for repair or adjustment without the need to de-energize the bus, a disconnect switch has been installed. Fault protection for the reactor installation is provided by bus circuit breakers. Dielectric Coordination Dielectric coordination of reactor installations on the BPA system has changed since the first application at 500 kV in 1967. The utilization of lower rated arresters has permitted reduced insulation levels with corresponding cost savings. Generally, arresters on the BPA system are used as a secondary line of protection against switching transients, however, in certain applications the arrester can be required to operate during routine switching operations. The first reactors, positioned on the line side of the PCB, had a basic insulation level (BIL) of 1550 kV and were protected by 420-kV arresters. An intermediate generation of reactors on the system were insulated for 1425 kV BIL. Presently reactors are purchased with a BIL of 1300 kV and are coordinated as shown by Figure 3 . The positioning of reactors on the bus and the utilization of arrester dynamic overvoltage capabilities has permitted the use of 372 or 396-kV arresters on the effectively grounded system. The full wave and switching impulse protective levels for the 396-kV arresters are 960 kV and 890 kV respectively, lower protective levels are possible with 372-kV arresters. The arresters may operate for switching transients on the system down to 1.6 per unit of system voltage. Load interrupters are purchased with the requirement to limit switching surges to 2 per unit of system voltage.
The reactor installation tested at Raver Substation was constructed utilizing conventional surge arresters. During the course of the field investigations, 396-kV zinc oxide arresters were also installed in place of the conventional arresters to evaluate their performance.
The characteristic of zinc oxide arresters can be obtained from Ref. 3 . Their protective level is comparable to that of conventional arresters and they will play significant role in future applications where high energy discharge capability is required. Computer Studies These studies were made to determine the effect of circuit parameters on the characteristic and magnitude of transients generated by reignitions when switching shunt reactors. In addition, methods to limit these transients to lower levels were examined.
When switching reactors, the current is interrupted at a time when the bus voltage is at crest. The reactor circuit then rings down at its natural frequency. For the circuit studied, this is approximately 1800 Hz. The peak recovery voltage across the switching device coincides with the first peak of the ringdown transient. Its maximum value is 2 per unit for unforced interruptions and no reignitions.
Reignitions occur during the first one-half cycle of the ringdown voltage ER of the reactor circuit and apply a voltage step to both sides of the previously interrupted circuit. The result is a propagation of travelling waves away from the interrupting device. These waves are reflected from discontinuities in the circuit and appear as high frequency transients. (1) Different substation layouts were investigated by varying the length of the bus, changing the number of bays, the distance between the bays and the number and location of components such as lines and potential transformers.
The effectiveness of methods to limit the magnitude of the surges was studied by adding capacitances, inductances and resistors to the circuit.
The studies incorporated distributed parameters for the bus and lumped parameters for equipment in BPAs electromagnetic transients program (4 The basic circuit used for the study is shown in Figure 4 . 1.5 Reignitions were simulated by opening the circuit at the time of a reactor current zero and reclosing it at the instant when the reactor ringdown voltage z reached its first peak. This represents the most severe reignition condition.
/
Because of the nature of the transient, a range of 400 ,us and time steps of 50 X 1.0 nanoseconds were chosen for the study. The main goals were as follows: 1.5 To determine the frequency with which reignitions occur when dep energizing reactors with SF6 puffer interrupters. Figure 2 . Simultaneous measurements were made on all three phases. All test instruments and also the controls for the load interrupter were located inside the shielded test vehicle. The signals were brought into the trailer with triaxial cables. The outer shield of these cables was grounded at both ends. Additionally, heavy ground cables were laid adjacent to the signal cables to minimize measurement errors caused by differences in the ground mat potential at various locations at the test site.
The event of interest (the transient caused by a reignition) occurs less than 300 ,zs after appearance of the reactor recovery voltage. An analog disc recorder and digital transient recorder were used. These instruments have the capability to store pre-event information. The disc recorder has a continuous ten-second recording time which makes it very suitable for recording random events. The advantage of the digital transients recorders is that they have better signal-to-noise ratio, amplitude linearity and dynamic range. In this application, oscilloscopes were used to provide the proper trigger signal for the digital recorders. Table 1 provides information on the type of instruments and their response characteristics and also on the quantities measured. A shunt trip mechanism was added to the load interrupter during a part of the test program to permit control of the point on wave of contact parting. This was done to explore the effect of the instant of contact parting on the number of reignitions.
Grading capacitors supplied by the manufacturers were installed parallel to each of the two interrupter units during part of the second test series. This was expected to further enhance the recovery voltage capability of the load interrupter thereby reducing the number of reignitions. In addition, the reactor was also switched with circuit breakers with and without resistors. The interest here was to record the transients generated and compare the performance of the two types of arresters under more consistent overvoltage conditions. The reactor switching tests at Raver Substation provided valuable information on the performance characteristics of equipment in EHV reactor installations. Of special interest is the interaction between the switching devices and the circuit as well as the performance of the two different types of arresters. While the number of reignitions recorded appears high, it was important to learn that only 20% of all reignitions resulted in transients high enough to exceed the protective level of the arresters in this installation.
During a portion of this test, the signal to the shunt trip unit of the load interrupter was timed to achieve parting of the interrupting contacts at intervals of 30 electrical degrees over a total range of 180 electrical degrees. The purpose of this was to "schedule" the occurrence of reignitions at maximum voltage for the purpose of evaluation. As a by-product, the effect of the instant of contact parting on the occurrence of reignitions was explored. See Figure 9 . tests. As the reflection from the reactor bushing showed up in both studies and field data (see Figure 7) , the instrument system appeared not to be limiting the frequency response. This indicates a weakness in the model at frequencies near 1 mHz and over and that additional damping exists in the circuit at these frequencies. Figure 17 is a close operation energizing the reactor. The same transient except of lower magnitude is generated during a close operation as during reignition, but no distortion is introduced by the surge arrester. The arrester application to protect shunt reactors against the overvoltages is very interesting. According to Fig. 3 , the reactor insulation can withstand overvoltages larger than 3 p.u. for the wave fronts less than 7 lsec. The equivalent wave fronts of re-ignition overvoltages measured by the authors during field tests are in the order of I isec.
Thus, the re-ignition overvoltages of 2.3 p.u. with frequencies of 200-300 kHz are much below the corresponding reactor insulation level. Therefore, from our point of view the special arresters are not necessary to protect the reactors against these overvoltages. Do the authors also believe that the arrester location and parameters can be optimized to protect the reactors and other station equipment only against lightning and conventional line breaker switching overvoltages?
Manuscript received August 11, 1978. D. C. Bacvarov (McGraw-Edison Company, Canonsburg, PA): The authors are to be congratulated for this very important and timely paper. The objectives are clearly stated, eventual problems identified and analyzed with the aid of both computer simulation and field tests. The discussion on the comparison between the performance of conventional and zinc oxide surge arresters is very informative.
It is stated in the paper that for the computer simulation, the bus parameters were calculated at a frequency of I kHz. The predominant frequency of both the calculated and measured transients is 250 kHz with a superimposed frequency of 1.3 MHz. At these much higher frequencies, the bus parameters L and C will be slightly different. The difference between the two traces shown in Figure 17 of the paper is due not to a weakness in the model, but to the insufficient amount of damping in the circuit. At higher frequencies, the increased damping of the traveling waves will render a better match between the two curves.
The second part of the paper presents the results of an extensive field test program. The published results are an important contribution to the not very large amount of well documented field tests in power system transients. Several digital computer programs for transient analysis are already available throughout the industry and new computer simulation results are generated every day; but, calibration of computer models against carefully performed and documented tests remains an important task.
This discussor has a few questions related to the shunt reactor capacitance modeling: * How was the value of 1800 pF arrived at? * What part of the total reactor winding capacitance is included in this number? * What is the value of the bushing capacitance only?
The authors' comments on this subject will be appreciated.
Manuscript received August 10, 1978.
George N. Lester (Chas. T. Main, Inc., Boston, MA): This paper presents an interesting account of the authors investigation of EHV shunt reactor switching and protection in BPA installations. Although the paper is primarily concerned with the investigation of surge voltages resulting from reignitions occurring during the deenergization of the shunt reactors, the authors observations would be of interest on several points concerning the switching device performance as listed in Table 2 and shown in Figure 9 .
With respect to interruptions with the load interrupter switch where there was controlled contact parting, the incidence of operations with reignitions was only slightly better with grading capacitors on the switch interrupters than without, indicating perhaps that voltage distribution in the switch was reasonably good without the capacitors.
Without controlled contact parting (i.e. random switching) could the authors comment on why proportionally more reignitions were observed when the ZnO arrester was used as opposed to the conventional arrester, unless these are individual events of multiple reignition phonomena, which were prevented, or reduced, by the listed conventional arrester operations.
In Figure 9 , the reignition occurrence is shown, related to controlled contact parting and the use of grading capacitors on the load interrupter switch. Are As the load interrupting device discussed in the paper is not unfamiliar to us, we would like to make some additional comments related to the load interrupting device and the reignition phenomenon. In the conclusion of the paper it is stated that "reignitions are likely to occur with low power switching devices such as a load interrupter". We would like to broaden the scope of this conclusion.
It should be understood that interrupting devices such as load interrupters and power circuit breakers inherently exhibit the reignition phenomenon as long as the contact parting is random with respect to the current zero and not point-on-wave controlled. This is simply due to the fact that in order to withstand the TRV after current interruption, a certain contact gap is required which can only be attained in a finite time. The contact parting-being random-can occur in less time prior to current zero than this "finite time", with a clearing and reignition as a result. The contact speed will determine the length of the "finite time" and the higher the speed the smaller the probability of reignitions, but the probability with random control will never be zero.
For power circuit breakers, this is confirmed by field tests with a small oil volume circuit breaker reported in Ref. 2 of the paper and with airblast breakers as reported in our Ref. 1. In Fig. 12 of the paper a high speed oscillogram is shown of a "double reignition" which was not discussed. We feel that some elaboration is helpful. The left hand side of the oscillogram with 40 micro sec/DIV shows the increasing TRV across the switch which collapses after 80 micro sec. due to a reignition. The voltage then oscillates with a frequency of approximately 250 kHz indicative of a current with this frequency passing through the switch. This current is superimposed on the resuming 60 Hz current and due to the magnitude of the high frequency current the current will pass through zero. The switch can interrupt the high frequency current when this current had decayed sufficiently for the di/dt at current zero to approach its normal duty, without chopping or current forcing. In this case, an interruption takes place after 40 micro sec. after which the TRV appears again. A second reignition occurs 80 micro sec. after interruption at an instantaneous voltage 2 times the instantaneous voltage of the first reignition-which shows how fast the dielectric capability increases in this particular case. This phenomenon of a "double reignition" is not typical for this particular load interrupter; during the tests it happened 4 S. H. Sarkinen, G. G. Schockelt, and J. H. Brunke: We thank the discussors for the additional information which they have supplied and for some interesting questions.
Mr. Chabala and Dr. Lageman have described in detail the reactor switching performance of the load interrupter used during this test and have also commented on the performance of power circuit breakers for this application.
The ideal switching device for shunt reactor switching is one which interrupts the 60-Hz current softly without forcing the current to zero but is capable of withstanding the fast rising recovery voltage immediately thereafter.
SF6 single pressure interrupters with provisions for control of the contact parting instant come close to this goal. The puffer action provides a smooth interruption while a minimum gap in a fast recovering medium prevents reignitions.
For additional protection, low ohmic closing and opening resistors are desirable. Of course they should be so arranged that they are electrically in series with contacts across which reignitions might occur.
Mr. Lester's observation on the effect of grading capacitors across each of the two interrupter units is basically correct. Grading capacitors reduced the number of reignitions only slightly but they also improved the arcing time consistency of the interrupter. Table 2 seems to indicate that Zinc Oxide arresters increased the incidence of reignitions. We believe that this apparent trend is due to the fact that the data in question is from two different tests which were conducted three months apart. During this period, slight changes in switch characteristic might have occurred. Also the sample size for this observation is not sufficient to permit a good statistical evaluation. We feel that the number of reignitions should not be measurably affected by the type of arresters installed. All reignitions occurred at instantaneous phase-to-ground voltages (on the reactor side of the switch) of one per unit or less. At those voltage levels, the arresters should not cause any changes in interrupter behavior. In those relatively rare cases where reignition-caused switching surges exceed the protection level of the arresters, there may be a tendency of the Zinc Oxide arrester to allow double reignitions.
The ordinate in Figure 9 actually represents the relative incident of reignitions of various contact parting angles. This labeling was used because the number of tests performed at various parting angles was not constant. If for instance 10 interruptions were performed and a total number of 15 reignitions were counted, this would amount to 15 reignitions during 30 single-phase operations and the percentage figure would be 500%o.
It is typical for some types of load interrupters to go through several half cycles of arcing before finally interrupting. During this test, the arcing times ranged from .4 cycles to 1I.1 cycles.
The substation layout and the computer model used for the analytical studies have been discussed by Messrs. Bacvarov, Shperling and Fakheri. Their comments agree with our evaluation as presented on Page 6 of the paper. Our statement of a weakness in the model refers to a lack of frequency dependence of the parameters.
The value of the effective capacitance on the reactor side was calculated from the measured natural frequency of the reactor assembly and the known inductance of the reactor. The total reactor capacitance is 1400 pF of which 438 pF applies to the bushing. The capacitance of the voltage divider located between the switching device and the reactor is 100 pF. The bus capacitance and the surge arrester account for the balance.
Some of the variations of substation layouts studied were: (I) changes in the length of the bus from the substation proper to the reactor 1021 (2) changes in the number of bays in the station Because BPA uses the breaker and a half scheme almost exclusively other configurations were not studied.
The lack of proper damping at very high frequencies should not affect any trend caused by configuration changes.
The distribution of overvoltages could only be accurately determined if records of the high frequency transients generated by reignitions were available for all switching operations. Due to problems in triggering the digital recorders and because we were only able to use one channel of the magnetic disc recorder, we do not have a full set of high frequency records. A careful interpretation of data available for all operations such as the instantaneous voltage at which the reignitions occurred yields the following approximate information.
Percent of Interruptions | Overvoltages (P.U.) 52 None 26 1 to 1.3 12 1.3 to 1.6 10 1.6 to 1.8
The last value of 1.8 per unit represents voltage levels limited by arrester operations.
The main purpose of the arresters is protection of the reactor from transient overvoltages generated by switching operations elsewhere in the substation and also by lightning strikes. As it turns out, the arresters also respond to transients generated by reignitions when de-energizing the reactor. Their cost is at least offset by lower prices due to the reduction of the insulation level. To be effective, arresters should be located as closely as possible to the equipment to be protected.
We think it is possible but not necessarily practical to optimize by protecting all equipment in a station by installation of one or more strategically located arresters. To do this, the degree of acceptable risk has to be known and the complexity of proper coordination has to be considered.
